The difference in stickiness between cooked Nipponbare (Japonica rice) and Khao Dawk Mali (Indica rice) that have similar apparent amylose content was investigated, and the fine structure of starch in both cooked rice and extract from the surface of cooked rice was analyzed. Non-sticky high-amylose rice (Indica rice) was also studied for comparison. The solid content and amount of amylopectin in the extract from the surface of cooked Nipponbare were the highest, followed by cooked Khao Dawk Mali, and cooked high-amylose rice. This difference in solid content and the amount of amylopectin contributed to the stickiness of cooked Nipponbare. This suggests that the stickiness of cooked rice is less when less amylopectin is dissolved into cooking water, even when the amylose content and fine structure of the starch in the rice grains is similar. Thus, cooked Khao Dawk Mali is less sticky than cooked Nipponbare, despite having similar amylose content.
Introduction
There are two general categories of rice grain, Indica (long grain) and Japonica rice (short grain), and cooked Japonica rice is considered to be more sticky than cooked Indica rice. It is known that the higher the amylose content of raw rice, the harder and less sticky the cooked rice becomes. Apparent amylose content of non-glutinous rice is classified into four groups: very low, 5-12%; low, 12-20%; intermediate, 20-25%; and high, 25-33% (Kongseree and Juliano, 1972) . Almost all Japonica rice falls under the low apparent amylose content, while in the case of Indica rice, some cultivars have low apparent amylose content, but most cultivars fall under high amylose content. Khao Dawk Mali 105 is an aromatic Indica rice (Jasmine rice) having low apparent amylose content, 13.8-16.0% (Kongseree and Juliano, 1972) . We focused on Khao Dawk Mali in order to investigate the differences in texture between this Indica rice and Japonica rice.
It has been reported that there are differences in functionality, such as pasting behavior of three long-grain cultivars, even though the apparent contents of amylose, crude protein and crude fat of milled rice flours were comparable (Patindol and Wang, 2002) . It was also found that there are differences in the relative portion of starch components in these raw rice types. In the case of Japonica rice, Isono et al. (1994) reported that there were differences in hardness and stickiness between two short-grain cultivars, even though amylose content was similar. However, there have been no reports comparing Indica and Japonica rice strains that exhibit similar amylose content. To investigate the causes of stickiness in cooked rice, it is important to analyze starch structure in both raw rice and cooked rice, as well as that in extracts from the surface of cooked rice (Ikeda, 2001) . In this study, we focused on the differences in textural properties between Nipponbare (Japonica rice) and Khao Dawk Mali (Indica rice) having similar amylose content, and analyzed the fine structure of starch in both cooked rice and extracts from the surface of cooked rice. For a better understanding of the causes of stickiness, we also used a highamylose rice that is not sticky for comparison.
Materials and methods
Materials Two cultivars of Indica, Oryza sativa L. var. Indica, cv. Khao Dawk Mali 105 and high-amylose milled rice, obtained from Thailand (2001) were used. These were stored at 4℃ in plastic bags. Japonica rice, Oryza sativa L. Japonica cv. Nipponbare, grown in Shiga Prefecture, Japan (2001) was used. Brown Nipponbare rice was stored at 4℃ in kraft paper bags and milled to 90% in a polishing machine (MC-90A, Toyoseiki Co., Tokyo, Japan) on the day of the experiment.
Preparation of starch Milled rice grains were ground with an electric miller (DM-6, Yochi machine, Taiwan), and the resulting flour was sifted through a 100-mesh sieve. Starch was isolated from milled rice flour by using a cold 0.2% sodium hydroxide (NaOH) solution according to the alkali method of Yamamoto et al. (1973) , with some modification. Precipitates were washed with distilled water until the pH decreased to 7.0. After rinsing with ethyl alcohol, starch was dried in the air and passed through a 100-mesh sieve.
Cooked rice samples and extracts from surface of cooked rice Milled rice grains were washed three times with distilled water, and were then soaked in distilled water at 20℃ for 1 h. The weight ratios of rice grains to soaking water were 1:1.4 or 1:1.9, which are typically used for Japonica rice and Indica rice, respectively. After soaking, the rice grains were cooked with an electric rice cooker (RC-74, Toshiba Co., Tokyo, Japan). Ten grams of cooked rice was removed from the middle part of the rice cooker and placed in a beaker, to which 50 mL of cold distilled water (4℃) was added, followed by stirring for 5 min, and the mixture was strained with a strainer. The liquid part of the mixture was regarded as extract from the surface of cooked rice. The extract was centrifuged at 12000 rpm at 4℃ for 10 min and the precipitate of this extract was treated with ethyl alcohol and acetone, and then dried in the air. The dry matter obtained was called solid content. Dehydrated powder samples of cooked rice and extract from surface of cooked rice were prepared as follows: cooked rice was homogenized with ethyl alcohol three times. After rinsing with acetone, the sample was dried in the air at room temperature and passed though a 100-mesh sieve. This extract was then freeze-dried.
Chemical composition of milled rice flour Moisture, crude protein, crude fat and ash contents of milled rice flours were determined by the Approved Methods 44-15A, 46-13, 30-25 and 08-01, respectively (AACC, 2000) . Apparent amylose content was determined by the method of Juliano et al. (1981) . Total sugar content of supernatant of extract from the surface of cooked rice was determined by phenol sulfuric acid method (Dubois, 1944) , and reducing sugar content of supernatant was determined by Somogyi-Nelson's method (Nelson, 1944; Somogyi, 1952) . Glucose was used as a standard for the measurement of total sugar and reducing sugar. Protein content was determined by Lowry's method using bovine serum albumin as a standard.
Degree of gelatinization of cooked rice The degree of gelatinization of cooked rice was determined by the β-amylase-pullulanase method (Kainuma, 1981 ). An aqueous solution containing β-amylase and pullulanase (Hayashibara Biochemical Laboratories, Japan) was added to 80 mg of dehydrated powder of cooked rice and kept at 40℃ for 30 min. The reducing sugar content of this mixture was measured by Somogyi-Nelson's method (Nelson, 1944; Somogyi, 1952) . The degree of gelatinization was calculated from the ratio of reducing sugar content of the mixture to that of the fully gelatinized by alkali treatment with 2 N NaOH solution.
Textural properties of cooked rice Cooked rice was kept at 20℃ for 1 h after cooking in a rice cooker, and the textural properties of cooked rice grains were measured with a texturometer (GTX-2, General Foods) using the three grains method (Okabe, 1977) . Measurement was carried out ten times and the average and standard deviation were calculated.
Iso-amylase treatment of starch and extracts from surface of cooked rice Debranching of starch in both rice flour and extracts from the surface of cooked rice by iso-amylase was performed according to Inouchi's method (Inouchi et al., 1983) . Briefly, 2 N NaOH solution (0.25 mL) and distilled water (0.25 mL) were added to starch (15 mg) and stored overnight at 4℃. Distilled water (3.5 mL) was then added to the solution, and this was neutralized with 0.5 N acetic acid. Next, 5 mL of 60 mM acetic acid buffer (pH 3.5) and 25 μL of 1475 U Pseudomonas amyloderamosa iso-amylase (Hayashibara Biochemical Laboratories, Japan) were added to the solution, and this solution was reacted at 40℃ for 24 h. To stop the reaction, ethanol was added to a final concentration of 80%, and was evaporated completely. The residue was then stored at 4℃.
Gel permeation chromatography (GPC) of starch hydrolysates after iso-amylase treatment GPC of starch hydrolysates after iso-amylase treatment was performed based on Ito's method . 1 N NaOH (1 mL) was added to the debranched sample, and this was stored for 1 h to gelatinize. Water (1 mL) was added, followed by centrifugation at 3000 rpm for 10 min at room temperature. Next, 1.5 mL of the hydrolysate was applied to a column (Toyopearl HW-50SF; 2.5 cm ID × 100 cm) (Tosoh Co., Ltd., Japan), and was eluted with 0.05 N NaOH-0.2% NaCl-NaN 3 solution using a peristaltic pump at a flow rate of 0.44 mL/min. Carbohydrates in each fraction (5 mL) were estimated by the phenol-H 2 SO 4 method, and the elution pattern was obtained.
Fr. Ⅲ, 525 nm > λ max .
Statistical Analyses All measurements were performed in triplicate. Data were subjected to analysis of variance followed by the least significant difference test (LSD) in order to compare means at p < 0.05 using SPSS v.10 software.
Results and Discussion
Chemical composition of rice flour Table 1 summarizes the chemical composition of flours prepared from three types of milled raw rice. The samples differed slightly in moisture and crude protein contents. The moisture content followed the rank order of Nipponbare > Khao Dawk Mali > highamylose rice, and crude protein followed the reverse order. The differences in the content of crude protein may have an
The reducing sugar content was measured using a modified Park-Johnson method (Hizukuri et al., 1981) . Moreover, the polymerization level of each fraction was obtained by the following expression:
Degree of polymerization = amount of total sugar/amount of reducing sugar Measurement of maximum absorption spectrum A 50-μL aliquot of aqueous 1% iodine -10% potassium iodide solution was added to each fraction. The maximum absorption spectrum was obtained with a spectrophotometer (UV-2200, Shimadzu, Japan (At water ratio of 1.4) 1) Average of three measurements.
2) Mean values with different letters in each row are significantly different at P < 0.05.
affect on the textural properties of cooked rice. It is generally thought that the more protein content, the harder and less sticky the cooked rice is. There were no significant differences in crude fat and ash among the samples. It was also confirmed that the apparent amylose content of Khao Dawk Mali was similar to that of Nipponbare, while the amylose content of high-amylose rice (Indica rice) was the highest of the three samples.
Textural properties and degree of gelatinization Textural properties and degree of gelatinization of the rice cooked at rice to water ratios of 1.4 and 1.9 are presented in Table 2 . For rice cooked at water ratios of 1.4 and 1.9, there were no significant differences in hardness between cooked Nipponbare and Khao Dawk Mali. It was reported that Khao Dawk Mali showed a similar texture as Japonica rice (Kobayashi et al., 1998) . However, the stickiness of Nipponbare was significantly higher than that of Khao Dawk Mali. This suggests that apparent amylose content of raw rice is not directly related to the stickiness of cooked rice. High-amylose rice differed from these two samples, being the hardest and the least sticky. It was thus confirmed that high-amylose rice has the typical textural properties of Indica rice.
The degree of gelatinization of both Nipponbare and Khao Dawk Mali was near 100% when cooked at water ratios of 1.4 and 1.9. This indicates that the degree of starch gelatinization in the cooked rice cannot completely account for the difference in stickiness between Nipponbare and Khao Dawk Mali. On the other hand, in the case of high-amylose rice, the degree of gelatinization was the lowest (78.1%) at a water ratio of 1.4, but increased to 86.4% when more water was added. This suggests that the degree of gelatinization does not fully account for the texture of cooked rice.
Solid and saccharide contents in supernatants of extracts from surface of cooked rice Solid and saccharide contents in supernatants of extract from the surface of cooked rice are summarized in Table 3 . The solid content of extracts from the surface of rice cooked at a water ratio of 1.4 differed substantially in the three rice samples. It was largest for Nipponbare and smallest for high-amylose rice. These values did not vary when more water was added to rice. The rank order of solid content was the similar to that of the stickiness of cooked rice, as shown in Table 2 ; the higher the solid content, the more sticky the cooked rice. These results confirmed earlier findings that solid content of extract from the surface of cooked rice is correlated positively with the stickiness of cooked Japonica rice (Shibukawa, 1976; Ikeda, 2001) .
The total sugar, reducing sugar and protein contents of supernatant of the three cultivars followed a similar rank order as the solid contents: Nipponbare > Khao Dawk Mali > high-amylose rice. With regard to total sugar, these values corresponded with those of solid content. In contrast, the rank order of reducing sugar content in supernatant from Nipponbare and Khao Dawk Mali was the reverse as that of total sugar. The total amount of sugar may thus be directly linked to the stickiness of cooked rice. On the other hand, the order of protein content in supernatant was similar to that of solid content, although this order was the reverse as that of raw rice. This means that the protein of Nipponbare was easily eluted into the cooking water when compared with Khao Dawk Mali. This suggests that both the lower protein content and Khao Dawk Mali rice are similar, but are slightly different in cooked rice, and are substantially different in extracts from the surface of cooked rice. The difference in the patterns of gel permeation chromatography between cooked rice and extracts from the surface of cooked rice reflects the distribution of starch in the rice grains. In the case of extracts from the surface of cooked rice, as shown in Table  4 , the percentage of the amylose fraction (Fr. Ⅰ) of Khao Dawk Mali was significantly higher than that of Nipponbare. Based on our findings, we assumed that the amylose in Khao Dawk Mali is more abundant in the outer layer than in the inner layer. Therefore, the amylose of Khao Dawk Mali is easily eluted into cooking water during cooking. As amylose is more abundant in the inner layer than in the outer layer of rice grains in the case of Japonica rice (Yamada et al., 1994 , Fukai et al., 1997 , the small difference in the percentage of amylose (Fr. Ⅰ) between cooked rice and extracts for Nipponbare might be ascribed to this amylose distribution in the rice grain. While the gel permeation chromatography pattern of raw rice and greater elution of protein into cooking water is related to the stickiness of Nipponbare, due to its relationship with the dissolution of starch in cooking water. This interrelationship might come from the fact that the protein mostly exists in the form of protein bodies around the amyloplast and outer layers of rice grains.
Gel permeation chromatography As mentioned above, the apparent amylose content of Nipponbare and Khao Dawk Mali were similar, but the stickiness of cooked rice differed. It was found that the amylose comprised very long chains in amylopectin (Takeda et al., 1987) . Because the amount of very long chains of amylopectin influences stickiness and hardness of the cooked rice (Mizukami and Takeda, 2000) , it is necessary to examine the structure of starch. Figure 1 shows gel permeation chromatography patterns of starch, cooked rice, and extracts from the surface of cooked rice, and Table 4 shows the calculated percentage of each fraction from Fig.1 . As shown in Fig. 1 , gel permeation chromatography patterns of the starch in raw Nipponbare of high-amylose rice starch was similar to those of the other two cultivars, except in the amylose fraction (Fr. Ⅰ), which was significantly higher, those of cooked rice and extracts from the surface of cooked rice were significantly different, as shown Fig. 1 . The amylose percentage (Fr. Ⅰ) of highamylose rice in the starch of raw rice, cooked rice, and extracts from the surface of cooked rice was higher, and that of short-chain amylopectin (Fr. Ⅲ) was lower than in the other two cultivars (Table 4) .
Extracts from the surface of cooked rice are thought to reflect the stickiness of cooked rice because they mainly contain starch eluted from rice grains (Shibukawa, 1976) . As shown in Table 3 , the solid content of extracts from Nipponbare is much higher when compared with Khao Dawk Mali. As solid content is mostly composed of starch, the total amount of long-and short-chain amylopectin is higher in Nipponbare than in Khao Dawk Mali, as seen in Table 5 . We found that Khao Dawk Mali is less sticky than Nipponbare and confirmed that the high amount of amylopectin in extract from cooked rice is directly involved in the stickiness of cooked rice. It was reported that stickiness of cooked Japonica rice can be attributed to the low amylose and high amylopectin contents in extracts from the cooked rice grains (Ikeda, 2001; Hanashiro, 2004) . Our results were in agreement with these reports. It was also suggested that short-chain amylopectin is related to the stickiness of Nipponbare. In the case of high-amylose rice, the high percentage of amylose (Fr. Ⅰ) and low amount of long-and short-chain amylopectin (Fr. Ⅱ + Fr. Ⅲ) contributed to the non-stickiness. As the solid content of extracts from the surface of cooked high-amylose rice is one tenth that of Nipponbare (Table 3) , the total amount of long-and short-chain amylopectin is very low, as seen in Table 5 .
Conclusion
The higher the solid content and amount of amylopectin in the extracts from the surface of cooked rice, the more sticky the cooked rice is. In particular, the amount of shortchain amylopectin contributes to stickiness. The amylose of Indica rice is easily eluted into cooking water when compared with Japonica rice. It was concluded that the higher the total amount of long-and short-chain amylopectin, and the lower amylose in extracts from the surface of cooked rice, the stickier the cooked rice is, even if the amylose content of two kinds of rice is similar. Especially, the amount of shortchain amylopectin in extracts from the surface of cooked rice contribute to the stickiness of cooked rice. Table 3 , and percentage of each fraction shown in Table 4 
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